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Many performance parameters of Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry improve dramatically with increasing magnetic field. Our prior results from a 20
tesla resistive magnet showed that performance was limited by the large spatial inhomoge-
neity in spite of the high field. In this paper, we compare matrix-assisted laser desorption/
ionization (MALDI) mass spectra at the same magnetic field for two resistive magnets with
different field spatial homogeneity. In addition, we report MALDI spectra at 25 tesla—the
highest magnetic field for FT-ICR to date. The first broadband FT-ICR mass spectrum
[poly(ethylene glycol) 2000] from a resistive magnet is accurately fitted by the standard ICR
mass calibration function. (J Am Soc Mass Spectrom 1999, 10, 265–268) © 1999 American
Society for Mass Spectrometry
Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometry is well established as atechnique with unsurpassed high mass resolution
and high mass accuracy [1–9]. Several independent
FT-ICR performance parameters improve dramatically
(i.e., linearly or quadratically) with increasing magnetic
field strength [10], as demonstrated by superconducting
magnet-based systems operating at 9.4 tesla [11] and
11.5 tesla [12]. For example, with the 9.4 tesla electro-
spray FT-ICR mass spectrometer at the National High
Magnetic Field Laboratory (NHMFL), we have
achieved a mass resolving power (m/Dm50%) of
8,000,000 and have resolved isotopic fine structure of
bovine ubiquitin [13]. The advantages of high field are
further demonstrated by the attainment of isotopic
resolution for a 112 kDa protein on the same 9.4 tesla
instrument [14]. Of course, the multiple charging pro-
duced by electrospray greatly improves mass resolving
power for heavy ions ($5000 Da) (relative to singly
charged ions of the same mass produced by matrix-
assisted laser desorption/ionization) by reducing the
mass-to-charge ratio to a range optimal for FT-ICR mass
spectrometry.
Recently, we reported preliminary results from a 20
tesla resistive magnet at NHMFL [15]. In spite of the
high field, FT-ICR performance was limited by large
spatial inhomogeneity (.1000 ppm over 1 cm diameter
spherical volume, DSV). The demand for higher spatial
uniformity at high magnetic field (for all types of
magnetic resonance research) has spurred development
(at NHMFL) of a 25 tesla resistive magnet with a spatial
inhomogeneity target of ,1 ppm over 1 cm DSV
(funded by the W. M. Keck Foundation). In this paper,
we report the first mass spectra collected from the
“Keck” magnet at 25 tesla, the highest field to date for
FT-ICR.
Experimental
Magnet
The resistive magnet consists of three concentric Bitter
coils electrically connected in series and cooled by
direct flow of high-purity chilled water (;100 L/s)
through the magnet [16]. Each coil consists of a stack of
hundreds of flat “Bitter disks,” each electrically isolated
by a thin insulator. Slight overlap between disks allows
tangential current flow which creates the magnetic
field. The outer coils are made from high purity copper
and the inner coil material is a beryllium–copper alloy.
The magnet has a 52 mm diameter bore and consumes
20 MW of power during operation at the maximum
field strength of 25.1 tesla. The magnetic field spatial
uniformity, DB/B, has been determined by a nuclear
magnetic resonance probe to be approximately 50 ppm
throughout a 1 cm diameter spherical volume (DSV).
Address reprint requests to Alan G. Marshall, Director, Ion Cyclotron
Resonance Program, National High Magnetic Field Laboratory, Florida
State University, 1800 East Paul Dirac Drive, Tallahassee, FL 32310. E-mail:
marshall@magnet.fsu.edu
* Also at Department of Chemistry, Florida State University, Tallahassee,
FL.
© 1999 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received August 20, 1998
1044-0305/99/$20.00 Revised November 17, 1998
PII S1044-0305(98)00152-4 Accepted November 18, 1998
Future shimming is expected to reduce the inhomoge-
neity to ;1 ppm over 1 cm DSV. The temporal insta-
bility of the magnet has similarly been determined to be
a few ppm.
Matrix Assisted Laser Desorption/Ionization
(MALDI)
MALDI solutions were prepared by mixing equal vol-
umes of 1 mM aqueous human luteinizing hormone-
releasing hormone (hLHRH, Sigma, St. Louis, MO), 1 M
2,5-dihydroxybenzoic acid (DHB, Aldrich, Milwaukee,
WI) in methanol, aqueous 0.5 M D-fructose (Sigma),
and methanol (to increase the drying speed in the
spraying process). The solutions were loaded into a
sample spraying device consisting of a syringe pump
(Pump 22, Harvard Apparatus, South Natick, MA) and
a 50 mm i.d. fused silica transfer line running through a
PEEK tee (0.050 in. i.d. throughhole, P728, Upchurch,
Oak Harbor, WA) with a 0.020 in. i.d. PEEK sleeve fitted
over the fused silica transfer line on the exit side of the
tee only. Nitrogen (80 lb/in.2) is introduced through the
side arm of the tee and flows out at the PEEK sleeve
exit, producing a pneumatically assisted spray of the
sample solution. The sample was sprayed at 20 mL/min
onto the MALDI tip, which is rotated at 5000 rpm to
ensure an even coating. A PEG 2000 [poly(ethylene
glycol), average M.W. 2000 Da, Aldrich) sample was
prepared similarly. Up to four bands of different sam-
ples were deposited along the 1.0-cm-long probe tip to
allow for multiple sample analyses without changing
the probe tip.
The internal MALDI system has been described in
detail elsewhere [15]. A 337 nm nitrogen laser (VSL-337-
NDS, Laser Science, Franklin, MA) was first attenuated
by a neutral filter, and then focused by a 15 cm focal
length lens into a 200 mm core diameter optical fiber
(#16-0200-HAS-C22, General Fiber Optics, Fairfield,
NJ). After passing through a high vacuum seal, the fiber
was guided inside a 12.7 mm o.d. by 1.5 m long sample
probe. The exit end of the fiber was positioned ,0.5 mm
from the surface of the sample tip which was located a
few centimeters from the front trapping electrode.
FT-ICR Mass Spectrometry
The FT-ICR mass spectrometer used in this work has
been described previously [15]. The vacuum system
was pumped by a 1500 L/s cryopump (Cryo-Torr 8F,
CTI Cryogenics, Waltham, MA) resulting in typical
operating pressure (uncorrected) of 8 3 1029 torr. Vi-
brations derived from the cryopump were minimized
by positioning a vibration isolator (VI-1, National Elec-
trostatics, Middleton, WI) between the cryopump and
the main vacuum chamber. FT-ICR experiments were
performed in a cylindrical open ICR cell (3.3 cm i.d., 7.6
cm in length). Data acquisition and system control was
provided by a MIDAS data station [17] equipped with
digital quadrature heterodyne capability [18].
Ions were captured in the ICR cell by gated trapping
[19] with an extraction delay of ;100 ms. After a long
cooling delay (20–60 s), ions were excited by a dipolar
frequency sweep (chirp) of 3500 Hz/ms at 408 Vp–p (20
tesla) or 420 Vp–p (25 tesla). Transient data of hLHRH
were collected by digital quadrature heterodyne detec-
tion at 265.8 6 10 kHz (20 tesla) or 326 6 10 kHz (25
tesla). The PEG 2000 spectrum was collected by digital
quadrature heterodyne detection, at 200 6 160 kHz.
From a single scan time domain transient, each mass
spectrum was obtained by performing a Hanning apo-
dization, one zerofill, and a Fourier transformation
followed by a magnitude calculation. Transient data
sets of 32K and 128K words were processed for hLHRH
and PEG 2000. Broadband digital quadrature hetero-
dyne detection effectively removed low frequency noise
associated with the resistive magnet.
Results and Discussion
Present superconducting magnets are limited by their
critical field and critical current (above which the ma-
terial loses superconductivity) to ;20 tesla [20]. Bitter-
plate resistive magnets offer higher magnetic fields
(20–33 tesla) [16] but have until now exhibited poor
spatial homogeneity and temporal stability. In the Keck
magnet, spatial uniformity was optimized by varying
the tangential current density in a small central section
of each coil (by use of thicker disks or omission of
insulation between disks) [21]. The spatial homogeneity
consequently improved from .1000 ppm over 1 cm
DSV for the 20 tesla magnet first used for FT-ICR mass
spectrometry to ;50 ppm on the present “Keck” mag-
net. Future implementation of ferromagnetic and wire-
wound coil shims is expected to reduce the spatial
inhomogeneity to ;1 ppm. The temporal instability
arises from two sources. Fast (60 Hz and its harmonics)
jitter of ;10 ppm originates from the magnet power
supply, whereas the longer term drift (over minutes)
results from the magnet cooling water temperature
fluctuation (;17 ppm/°C). Even at the present level,
homogeneity for resistive magnets is still far below that
of superconducting magnets. For example, the NHMFL
9.4 tesla 220 mm bore diameter magnet has a 0.75 ppm
spatial variation in magnetic field over 1 cm DSV and 5
ppb/h temporal instability.
Effect of Magnet Homogeneity on FT-ICR Mass
Spectrometry
To evaluate the effect of spatial homogeneity on ICR
performance, we lowered the Keck magnet field to 20
tesla, the same magnetic field as in the previously
reported experiments with a lower-homogeneity re-
sistive magnet [15]. Mass spectra of human luteiniz-
ing hormone-releasing hormone (hLHRH, neutral
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M.W.monoisotopic 5 1181.6 Da) obtained from the two
magnets are compared in Figure 1. With the low homo-
geneity magnet, the resolving power achieved,
m/Dm50% ' 10,000, was limited by the magnetic field
spatial uniformity but was nevertheless more than an
order of magnitude higher than the homogeneity of the
magnet itself. We attribute this difference to motional
averaging because of ion cyclotron rotation [22] and
axial trapping oscillation motions. Sidebands appearing
at 640 Hz from the monoisotopic peak (approximately
the magnetron frequency) probably arise from xz terms
in the magnetic field gradient.
The more homogeneous Keck magnet, on the other
hand, produces mass resolving power (m/Dm50%
' 110,000) more than an order of magnitude higher
than for the top spectrum, and the sidebands have
disappeared. Moreover, signal-to-noise ratio improves
by fivefold with the more homogeneous magnet. The
system pressure during ICR data acquisition was ;1 3
1028 torr measured at the ion gauge and was probably
much higher at the cell, because the MALDI sample was
located within a few centimeters of the cell and the
narrow magnet bore (;52 mm) results in a large pres-
sure gradient across the 90 cm long vacuum chamber
and the ion gauge arm of approximately the same
length. Thus, the mass resolving power achieved with
the Keck magnet is almost certainly pressure limited,
rather than homogeneity limited in results previously
reported for a lower-homogeneity 20 tesla resistive
magnet [15].
FT-ICR Mass Spectrometry at 25 Tesla
Further performance enhancement was observed by
operating the magnet at 25 tesla. A MALDI FT-ICR
mass spectrum of hLHRH is shown in Figure 2 (top).
The resolving power increases from 110,000 at 20 tesla
to 130,000 for the same resistive magnet, approximately
in proportion to the magnetic field increase. A dynamic
range improvement is also evidenced by detection of
the isotopic peak at m/z 1185.6 (i.e., ;3 Da higher
above the monoisotopic mass).
A broadband 25 tesla MALDI FT-ICR mass spectrum
of a polymer sample, poly(ethylene glycol) (PEG, aver-
age M.W., 2000 Da) is shown in Figure 2 (bottom). The
resolving power ranges from 16,000 (for ions of high
mass-to-charge ratio) to 25,000 (for ions of low mass-to-
Figure 1. 20 tesla MALDI mass spectra of human luteinizing
hormone releasing hormone, hLHRH (pyr-HWSYGLRPG-NH2,
whose monoisotopic neutral molecular weight is 1181.6 Da. Top:
Resistive magnet having spatial homogeneity larger than 1000
ppm over 1 cm diameter spherical volume (DSV). Bottom: Keck
resistive magnet with a spatial homogeneity of ;50 ppm over 1
cm DSV.
Figure 2. MALDI mass spectra from a high-homogeneity resis-
tive 25 tesla magnet. Top: hLHRH. Note the improvement in mass
resolving power and dynamic range relative to Figure 1, top.
Bottom: Poly(ethylene glycol) 2000. Singly charged polymer ions
with H– at one end and OH– at the other end are observed.
Standard mass calibration [23] based on all of the sodiated peaks
gave an rms error of 4 ppm.
267J Am Soc Mass Spectrom 1999, 10, 265–268 FT-ICR MS IN A 25 TESLA RESISTIVE MAGNET
charge ratio). A standard frequency-to-mass calibration
[23] based on all of the sodiated peaks spanning the
mass-to-charge ratio range 1400 , m/z , 2800,
resulted in 4 ppm mass accuracy (rms average). The
masses of each of the potassiated peaks could then be
determined to within an rms average error of 7 ppm.
Figure 2 (bottom) represents the first broadband FT-ICR
mass spectrum collected on a high-field resistive magnet.
Conclusion
MALDI FT-ICR mass spectra have been obtained with a
resistive magnet having a maximum field induction of
25 tesla. Comparative spectra (at 20 tesla) taken from
two resistive magnets having different magnetic field
spatial uniformity directly demonstrate the importance
of a homogeneous magnetic field for optimal FT-ICR
mass spectrometry performance. Broadband FT-ICR
mass spectra are fitted accurately by the standard ICR
mass calibration function. These results portend future
high performance FT-ICR mass spectrometry based on
new high-field (.20 tesla) resistive magnets with high
spatial and temporal homogeneity (;1 ppm) and wide
(.150 mm) bore.
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